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Abstract
Background: Human egg is enveloped by a glycoproteinaceous matrix, zona pellucida (ZP), responsible for
binding of the human spermatozoa to the egg and induction of acrosomal exocytosis in the spermatozoon bound
to ZP. In the present manuscript, attempts have been made to delineate the downstream signalling components
employed by human ZP to induce acrosome reaction.
Methods: Heat-solubilized human ZP (SIZP) was used to study the induction of acrosome reaction in capacitated
human spermatozoa using tetramethylrhodamine isothiocyanate conjugated Pisum sativum agglutinin (TRITC-PSA)
in absence or presence of various pharmacological inhibitors. In addition, intracellular calcium ([Ca2+]i) levels in
sperm using Fluo-3 acetoxymethyl ester as fluorescent probe were also estimated in response to SIZP.
Results: SIZP induces acrosomal exocytosis in capacitated human sperm in a dose dependent manner
accompanied by an increase in [Ca2+]i. Human SIZP mediated induction of acrosome reaction depends on
extracellular Ca2+ and involves activation of Gi protein-coupled receptor, tyrosine kinase, protein kinases A & C and
phosphoinositide 3 (PI3)- kinase. In addition, T-type voltage operated calcium channels and GABA-A receptor
associated chloride (Cl-) channels play an important role in SIZP mediated induction of acrosome reaction.
Conclusions: Results described in the present study provide a comprehensive account of the various downstream
signalling components associated with human ZP mediated acrosome reaction.
Background
Zona pellucida (ZP), a glycoproteinaceous matrix that
surrounds the mammalian oocyte, plays an important
role in species-specific binding of the spermatozoon to
the oocyte, induction of acrosomal exocytosis in the ZP-
bound spermatozoa, avoidance of polyspermy and pro-
tection of the pre-implanted blastocyst. Human ZP
matrix is composed of four glycoproteins designated as
ZP1, ZP2, ZP3 and ZP4 whereas mouse ZP lacks ZP4
by virtue of it being a pseudogene. To accomplish fertili-
zation, ZP mediated induction of acrosomal exocytosis is
crucial that enables spermatozoa to penetrate the ZP
matrix. In mouse, ZP3 is primarily responsible for
induction of acrosome reaction [1,2] whereas in
humans, ZP4 in addition to ZP3 contributes in
induction of acrosome reaction [3-6]. Recent studies
from our group suggest that in humans, ZP1 may also
be involved in induction of acrosomal exocytosis
(unpublished observations). It has also been proposed
that a mechanosensory signal produced during zona
penetration may also be required to initiate acrosome
reaction [7].
At least, two different receptor mediated signalling
pathways in sperm plasma membrane have been shown
to be responsible for ZP-induced acrosomal exocytosis.
One is a Gi protein-coupled receptor that activates the
Phospholipase C b1( P L C b1)-mediated signalling path-
way and the other is a tyrosine kinase receptor coupled
to PLCg [6,8-10]. Activation of these pathways result in
an increase of intracellular calcium ([Ca
2+]i). The
increase in [Ca
2+]i and pH subsequently lead to fusion
of sperm plasma membrane with Outer Acrosomal
Membrane resulting in acrosome reaction and release of
the acrosomal contents.
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acid disaggregation or heat have shown to induce acro-
some reaction and ability to increase [Ca
2+]i which
involves activation of Gi protein-coupled receptor, T-
type calcium channels and tyrosine kinase [11-13]. Incu-
bation of capacitated human sperm with intact human
zona or acid- disaggregated zonae led to a significant
increase in acrosome reaction [14]. The acrosome reac-
tion mediated by human ZP involves activation of Gi
protein-coupled receptor [15-17].
Keeping in view the differences in the composition of
mouse vs human ZP matrix and the recent observations
that in humans more than one zona protein may be
involved in induction of acrosome reaction, in the pre-
sent manuscript, we have delineated various down-
stream signalling components associated with human
ZP mediated induction of acrosome reaction in human
sperm employing various pharmacological inhibitors.
Methods
Isolation and solubilization of human zonae
In these investigations, unfertilized oocytes used were
donated by patients from Assisted Reproduction Tech-
nology Centre, Army Hospital Research & Referral, New
Delhi following project approval by the respective Insti-
tutional Human Ethical Committees and signed patient
consent. The follicular fluid from women undergoing In
Vitro Fertilization (IVF) treatment was aspirated under
general anaesthesia and aseptic conditions. Oocyte-
cumulus complex (OCC) were immediately separated
under stereo zoom microscope (Zeiss, Baden-Wuertten-
berg, Germany) and maintained in Universal IVF Med-
ium (MediCult a/s, Mellehaven 12, Denmark) under
liquid paraffin (MediCult a/s) and were inseminated
with 0.1 × 10
6 motile sperm per OCC. Fertilization was
confirmed after 17-24 hr by appearance of two pronuclei
or second polar body. Those oocytes that failed to show
the two pronuclei or the second polar body were further
incubated for 12 hr and in absence of evidence of fertili-
z a t i o n ,t h e yw e r es t o r e di nE m b r y oF r e e z i n gM e d i u m
(MediCult a/s) in liquid nitrogen until used in the pre-
sent study. Prior to use, the oocytes were thawed,
washed three times in 50 mM phosphate buffer (pH 7.4)
containing 150 mM NaCl (PBS) and vigorously pipetted
with small bore glass pipette to remove ZP from oocyte.
The suspension was centrifuged at 1800 ×g for 15 min-
utes to pellet down ZP. The zonae were re-suspended in
PBS and heat-solubilized at 70°C for 90 min. This pre-
paration was designated as human SIZP.
Induction of acrosome reaction by SIZP
All experiments using human spermatozoa were carried
out under informed consent and following the clearance
from the Institutional Bio-safety and Human Ethical
Committee. Semen samples were collected from healthy
donors after 3 days of sexual abstinence. Semen samples
were assessed for volume, total sperm count, sperm
morphology and sperm motility as per the WHO guide-
lines [18]. Semen samples showing sperm count of less
than 20 million/ml or sperm motility less than 70%
were not included in the present study. Semen samples
from individual donors were processed separately and
subjected to liquefaction at room temperature (RT) for
30 min. The motile sperm were isolated by two-step
Percoll density gradient as described previously [19].
The sperm (10 × 10
6 cells/ml) were capacitated in Big-
gers-Whitten-Whittingham medium [20] supplemented
with 2.6% BSA for 6 h at 37°C with 5% CO2 in humidi-
fied air in aliquots of 1 ml. Capacitated sperm (1 × 10
6
in BWW + 0.3% BSA) were incubated at 37°C with 5%
CO2 in humidified air for 1 hr in presence of SIZP in a
total reaction volume of 100 μl. For measurement of
spontaneous induction of acrosome reaction, sperm
were also incubated with BWW + 0.3% BSA alone. Cal-
cium ionophore (10 μM, A23187; Sigma-Aldrich Inc.,
St. Louis, MO, USA) served as a positive control in all
the experiments. Post-incubation, the sperm were
washed with 50 mM PBS pH 7.4, assessed for sperm
viability by one step eosin-nigrosin staining method [21]
and 20 μl aliquots were spotted on poly-L-Lysine coated
slides (Sigma-Aldrich Inc.) in duplicates. The spots were
air-dried, fixed in chilled methanol for 30 seconds and
stained with 5 μg/ml tetramethylrhodamine isothiocya-
nate conjugated Pisum sativum agglutinin (TRITC-PSA;
Vector Laboratories Inc., Burlingame, CA, USA) for 30
min at RT. Any spermatozoa that demonstrated com-
plete loss of TRITC-PSA staining in the acrosome or
revealed staining at the equatorial region was classified
as acrosome-reacted. Sperm showing TRITC fluores-
cence in the acrosomal region of the head were classi-
fied as acrosome intact. All the slides were read “blind”
with coded samples under Nikon Eclipse 80 i epifluores-
cence microscope (Nikon, Chiyoda-ku, Tokyo, Japan)
using an oil immersion objective. Two hundred sperm
were scored for every spot and the percentage of acro-
some reaction was calculated by dividing the number of
acrosome-reacted sperm by the total number of sperm
counted and multiplied by hundred. Induction of acro-
some reaction at an optimized dose of SIZP was evalu-
ated using semen samples from six different donors.
Intracellular calcium estimation
Changes in [Ca
2+]i were analyzed with the fluorescent
probe Fluo-3 acetoxymethyl (AM) ester (Molecular
Probes, Eugene, OR, USA). Capacitated sperm (10 ×
10
6)w e r el o a d e dw i t h2μM fluo-3 AM containing 1
μM pluronic acid F-127 (Molecular Probes; for proper
dispersal of dye) for 1 hr at 37°C with 5% CO2 in air.
Labelled sperm were then kept for half an hour at 37°C
with 5% CO2 in air for de-esterification of dye. Labelling
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was performed in BWW medium whereas assay was
performed in BWW medium supplemented with 0.3%
BSA. Capacitated sperm (1 × 10
6/well) were added in 96
well black plates (BMG Technologies, Offenburg, Ger-
many). The baseline fluorescence measurements were
performed at an excitation wavelength of 480 nm and
an emission of 520 nm for ~200 sec followed by addi-
tion of SIZP and continued fluorescence measurements
for next ~10 minutes. The [Ca
2+]i was calculated by
using the Grynkiewicz equation [Ca
2+]i =K d (F-Fmin)/
(Fmax-F), where Kd is the dissociation constant of the
Ca
2+-fluo-3 complex (390 nM), and F represents the
fluorescence intensity of the cells [22]. Fmax represents
the maximum fluorescence (obtained by treating cells
with 1% Triton-X) and Fmin corresponds to the mini-
mum fluorescence (obtained in the presence of 8 mM
EGTA). Ca
2+ levels [nM] have been presented as the
change in intracellular calcium, Δ [Ca
2+]i by calculating
difference between peak [Ca
2+]i and resting [Ca
2+]i
before stimulation. Resting [Ca
2+]i represent the average
of sperm [Ca
2+]i for 200 sec preceding SIZP addition.
All measurements were carried out in a Fluostar Optima
Spectrofluorimeter (BMG Technologies).
Delineation of voltage operated calcium channels
(VOCCs) associated with SIZP mediated release of [Ca
2+]i
and acrosome reaction
To delineate the involvement of different type of Vol-
tage Operated Calcium Channels (VOCCs) during SIZP
mediated induction of acrosome reaction, 1 × 10
6 capa-
citated sperm were pre-treated with Pimozide (10 and
20 μM) or Mibefradil (5 and 10 μM) as T-Type Ca
2+
channel blocker (CCB); Verapamil (10 and 20 μM) or
Nifedipine (10 and 20 μM) as L-Type CCB; for 10 min
at 37°C with 5% CO2 in humidified air prior to the addi-
tion of SIZP. The concentrations of the various inhibi-
tors employed in these experiments were based on
previously published studies [6,23-26] and inhibitors
were procured from Sigma-Aldrich Inc. In addition,
effect of prior treatment of capacitated human sperm
with Pimozide and Verapamil on the levels of [Ca
2+]i in
response to SIZP were also determined by fluorimetric
assay as described above.
Delineation of downstream signalling components
associated with SIZP mediated induction of acrosomal
exocytosis
To understand the mechanism of action of human SIZP
mediated acrosome reaction, 1 × 10
6 capacitated sper-
matozoa were pre-treated with various pharmacological
inhibitors such as Picrotoxin (50 and 100 μM) - GABAA
receptor antagonist [27]; Pertussis toxin (PTX, 0.1 μg/
ml) - Gi protein-coupled receptor pathway inhibitor
[6,16,28,29]; Herbimycin-A (10 and 15 μM) - tyrosine
kinase inhibitor [6,30]; Chelerythrine chloride (2 and 3
μM) - protein kinase C inhibitor [6,30]; Wortmannin-A
(50 and 100 nM) - phosphoinositide 3-kinase (PI-3
kinase) inhibitor [31]; H-89 (20 μM) - cAMP dependent
protein kinase A inhibitor [6,30] for 1 hr (except Picro-
toxin, pre-treated for 10 min) at 37°C with 5% CO2 in
humidified air prior to the addition of human SIZP. To
study the relevance of extra-cellular Ca
2+, capacitated
sperm were either pre-incubated for 10 min with 8 mM
EGTA or added at the same time as SIZP. All the above
inhibitors were procured from Sigma-Aldrich Inc.
Statistical analysis
The results pertaining to SIZP mediated induction of
acrosome reaction are presented as mean ± SEM and
statistical analysis was done by comparing the means of
the medium control (BWW + 0.3% BSA)/vehicle control
and experimental sets or within two experimental
groups by using paired Student’s t-test/Wilcoxon signed
rank test. A value of p < 0.05 was considered to be sta-
tistically significant.
Results
SIZP induces acrosomal exocytosis in capacitated human
sperm in a dose dependent manner
A significant increase in the induction of acrosomal exo-
cytosis of capacitated human sperm was observed with a
concomitant increase in number of zonae equivalent
(SIZP) used per reaction, as compared to PBS (solvent
used in preparation of SIZP; Table 1). As low as ~1
zona equivalent was able to induce statistical significant
induction of acrosome reaction in capacitated human
sperm. However, no further increase in acrosomal exo-
cytosis was observed with SIZP preparation from more
than ~5 zonae per reaction. Subsequently, 5 zonae
equivalent SIZP was used in all experiments. Capaci-
tated sperm prepared from 6 different donors on incu-
bation with optimized concentration of human SIZP
showed a significant (p = 0.007) increase in induction of
acrosome reaction (Table 1).
T-type VOCCs are responsible for SIZP mediated
induction of acrosome reaction subsequent to an initial
increase in [Ca
2+]i
An increase in [Ca
2+]i, after coming in contact with ZP,
is a prerequisite for induction of acrosomal exocytosis
in mammalian sperm [32]. In the present study, SIZP
was also able to elicit an increase in [Ca
2+]i after incu-
bating with fluo-3/AM labelled capacitated human
sperm (Fig. 1). To decipher the type of VOCCs playing
an important role in human SIZP mediated increase in
initial [Ca
2+]i s u r g ea sw e l la ss u b s e q u e n ti n d u c t i o no f
acrosome reaction, pharmacological inhibitors for L-
and T- type VOCCs were employed. Prior-incubation
(10 min) of fluo-3/AM labelled capacitated human
sperm with Pimozide (20 μM; T- type VOCC inhibitor)
inhibited the SIZP mediated initial increase in [Ca
2+]
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bitor) failed to do so (Fig. 1).
To further assess the importance of these VOCCs,
induction of acrosome reaction in capacitated human
sperm was quantitated after incubation with SIZP in
presence or absence of pharmacological inhibitors of L-
or T-type specific VOCC. Pre-incubation of capacitated
human sperm with T-type VOCC inhibitors, Pimozide
(10 and 20 μM) or Mibefradil (5 and 10 μM) signifi-
cantly reduced the SIZP mediated induction of acro-
some reaction whereas L-type VOCC inhibitors,
Nifedipine (10 and 20 μM) or Verapamil (10 and 20
μM) failed to inhibit the same (Fig. 2a, b).
Pre-incubation of capacitated human spermatozoa
with EGTA (8 mM) for 10 min was able to significantly
(p = 0.001) inhibit SIZP mediated induction of acrosome
reaction (Table 2). Further, capacitated sperm after re-
suspension in the EGTA medium were immediately
exposed to human SIZP. Under these experimental con-
ditions, 16 ± 0.6% sperm showed acrosome reaction in
presence of EGTA as compared to 36.1 ± 1.0% in its
absence (p = 0.0001), suggesting the role of extra-cellu-
lar calcium in SIZP mediated induction of acrosomal
exocytosis in human sperm. Addition of 8 mM EGTA
led to negligible levels of free calcium in the reaction
medium as analyzed by Maxchelator programme [33].
SIZP mediated induction of acrosome reaction involves
activation of Gi pathway, PKA, PKC, PI3 Kinase, Tyrosine
Kinase and GABAA receptor associated Cl
- channels
SIZP mediated induction of acrosomal exocytosis (31.1
± 1.2%) was inhibited in presence of Pertussis
toxin (0.1 μg/ml) to a statistically significant extent
Table 1 Human SIZP mediated induction of acrosome reaction in capacitated human sperm
Treatment Percent induction of acrosomal exocytosis (Mean ± SEM) Statistical significance
Experiment I
a
PBS Control 13.7 ± 1.4
SIZP (~1 zona) 26.3 ± 1.4 p = 0.003
c
SIZP (~2 zonae) 29.4 ± 0.4 p = 0.009
c
SIZP (~5 zonae) 39.7 ± 1.7 p = 0.0003
c
SIZP (~10 zonae) 36.4 ± 0.9 p = 0.0009
c
Experiment II
b
PBS control 14.7 ± 1.3
PBS + SIZP (~5 zonae) 36.1 ± 3.1 p = 0.007
c
Calcium ionophore (10 μM) 56.1 ± 4.5 p = 0.0001
c
aSIZP mediated acrosome reaction was studied by employing semen samples from three different donors
bSIZP mediated acrosome reaction was studied by employing semen samples from six different donors
cValues are statistically significant as compared to respective PBS control
Figure 1 SIZP mediated intracellular calcium release profile in capacitated human sperm in presence or absence of pharmacological
inhibitors of L- and T-type VOCCs. Fluo-3/AM labelled capacitated human sperm (1 × 10
6) were pre-incubated with either L- type VOCC
inhibitor, Verapamil (10 μM) or T-type VOCC inhibitor, pimozide (20 μM), for 10 minutes and then exposed to SIZP (~5 zonae) at 0 seconds.
Changes in intracellular calcium levels (nM; y-axis) have been plotted as a function of time (seconds; x-axis) for ~10 min. Blue line represents
SIZP mediated calcium increase profile whereas pink and green lines represent SIZP mediated calcium release profile after prior treatment of
labelled sperm with Pimozide and Verapamil respectively. Values are presented as Δ [Ca
2+]i obtained by subtracting the respective mean resting
[Ca
2+]i values preceding SIZP addition from the peak [Ca
2+]i.
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Figure 2 SIZP mediated induction of acrosome reaction in capacitated human sperm in presence or absence of pharmacological
inhibitors of L- and T-type VOCCs. Capacitated human sperm (1 × 10
6) pre-incubated for 10 min at 37°C in presence of 5% CO2, with L-type
VOCC inhibitors (Nifedipine, Verapamil), T-type VOCC inhibitors (Pimozide, Mibefradil) or respective vehicle controls (Panels 2a and 2b
respectively) were subsequently incubated with SIZP (~5 zonae). After 60 min incubation at 37°C in presence of 5% CO2, sperm samples were
analyzed for their acrosomal status by TRITC-PSA staining as described in Methods. Y-axis represents percent induction of acrosomal exocytosis
calculated by dividing the number of acrosome-reacted sperm by total number of sperm counted and multiplied by 100. Values are Mean ±
SEM of six different experiments using semen samples from at least six different male donors. Calcium ionophore A23187 (10 μM) was used as a
positive control in the experiment. Asterisk (*) represents p < 0.05 with respect to the solvent control and hash (#), p < 0.05 with respect to SIZP
mediated induction of acrosome reaction.
Bhandari et al. Reproductive Biology and Endocrinology 2010, 8:7
http://www.rbej.com/content/8/1/7
Page 5 of 9(21.1 ± 0.8%; p = 0.02; Table 2). Acrosomal exocytosis
mediated by SIZP was also inhibited by prior incubation
of capacitated human sperm with either 50 or 100 μM
GABAA receptor antagonist, Picrotoxin (from 28.9 ±
1.0% to 23.4 ± 0.5% & 21.3 ± 0.5% respectively) and
cAMP dependent protein kinase A inhibitor, H-89
(from 31.1 ± 1.2% to 19.8 ± 0.9%) (Table 2). In addition,
pre-incubation of capacitated human sperm with inhibi-
tors of other kinases such as, PKC (Chelerythrine chlor-
ide), PI3-kinase (Wortmannin A) and tyrosine kinase
(Herbimycin A) also led to inhibition of SIZP mediated
acrosomal exocytosis (Table 2).
Discussion
The acrosome reaction, an exocytotic process, is essen-
tial for fertilization in all sperm species possessing an
acrosome. In response to the physiological egg inducer
or to an appropriate pharmacological stimulus, the
outer acrosome membrane and the overlying plasma
membrane fuse and vesiculate, leading to exposure of
the acrosomal contents, inner acrosomal membrane and
modified plasma membrane to the extracellular medium
[34]. The ZP has been implicated as the primary physio-
logical inducer responsible for acrosomal exocytosis of
the egg bound spermatozoa [35,36]. The molecular basis
of induction of acrosome reaction has been investigated
in detail employing mouse ZP [37,38]. On the other
hand, there are few studies pertaining to the role of
human ZP mediated acrosome reaction primarily due to
limited availability of human eggs due to ethical consid-
erations [14-16].
The human SIZP prepared by heat solubilization
induced acrosomal exocytosis in a dose dependent fash-
ion which is in agreement with previous studies wherein
acid-disaggregated human ZP was employed [14]. The
observed extent of acrosome reaction by human SIZP is
within the range described by other investigators
[14,17,29,39]. The kinetics and extent of acrosome reac-
tion mediated by solubilized zona differ from species to
species. One of the possible explanations for SIZP
mediated lower acrosome reaction observed in humans
may be due to lesser degree of capacitation achieved by
human sperm using in vitro conditions as compared to
that achieved in vivo. Further, mechanosensory signals
produced during penetration of spermatozoa through
zona matrix may also contribute to higher levels of
acrosome reaction [7].
Calcium is an important second messenger in sperma-
tozoa of various species including mammals and is
required for acrosomal exocytosis. In the present stu-
dies, incubation of the capacitated human sperm with
SIZP resulted in transient calcium peak. VOCCs are
important mediators of early intracellular calcium influx
which are activated on membrane potential changes
Table 2 Human SIZP mediated induction of acrosome reaction in capacitated human sperm in presence or absence of
various pharmacological inhibitors.
Treatment Percent induction of acrosomal exocytosis (Mean ± SEM) Statistical significance
Experiment I
a
PBS control 14.5 ± 0.5
PBS + SIZP 31.1 ± 1.2 p = 0.04*
b
EGTA (8 mM) + SIZP 16.2 ± 0.9 p = 0.001*
c
Pertussis toxin (0.1 μg/ml) + SIZP 21.1 ± 0.8 p = 0.02*
c
H-89 (20 μM) + SIZP 19.8 ± 0.9 p = 0.02*
c
Experiment II
a
Alcohol control 14.5 ± 0.7
Alcohol + SIZP 28.9 ± 1.0 p = 0.0004*
b
Picrotoxin (50 μM) + SIZP 23.4 ± 0.5 p = 0.005*
c
Picrotoxin (100 μM) + SIZP 21.3 ± 0.5 p = 0.0007*
c
Experiment III
a
DMSO Control 15.7 ± 1.4
DMSO + SIZP 36.0 ± 1.4 p = 0.0001*
b
Chelerythrine chloride (2 μM) + SIZP 21.5 ± 1.4 p = 0.006*
c
Chelerythrine chloride (3 μM) + SIZP 21.2 ± 2.4 p = 0.007*
c
Wortmannin A (50 nM) + SIZP 22.3 ± 0.6 p = 0.0001*
c
Wortmannin A (100 nM) + SIZP 25.0 ± 1.7 p = 0.008*
c
Herbimycin A (10 μM) + SIZP 21.0 ± 1.2 p = 0.012*
c
Herbimycin A (15 μM) + SIZP 19.1 ± 0.9 p = 0.02*
c
aCapacitated human sperm (1 × 10
6) pre-treated with or without respective inhibitor were incubated with SIZP (5 zonae) for 60 min
bValues are statistically significant as compared to PBS control
cValues are statistically significant as compared to SIZP
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identified type of VOCCs responsible for the early intra-
cellular calcium influx as well as their role in acrosomal
exocytosis mediated by SIZP in human sperm. Prior
treatment with T-type VOCC inhibitor, Pimozide abol-
ished the early [Ca
2+]i peak whereas L-type inhibitor
Verapamil failed to do so. Role of T-type VOCCs was
further reinforced by inhibition of acrosome reaction
mediated by human SIZP in presence of two different
T-type VOCCs inhibitors (Pimozide and Mibefradil).
Further, chelating the extracellular calcium by EGTA
also led to inhibition of SIZP mediated acrosome reac-
tion. In contrast to T-type VOCCs inhibitors, L-type
VOCCs inhibitors (Nifedipine and Verapamil) failed to
inhibit SIZP mediated acrosome reaction. Patrat et al.,
[26] has shown that solubilized zona prepared from
unfertilized and fertilized human eggs induces acrosome
reaction and increase in [Ca
2+]i is mediated by T-type
VOCC. However, the ability of SIZP prepared from fer-
tilized eggs to induce acrosome reaction needs further
investigation.
Besides, being an important inhibitory neurotransmit-
ter in the central nervous system, g Aminobutyric acid
(GABA) also operates in the human genital tract. g ami-
nobutyric acid receptors and the GABA uptake system
are present in both male and female genital tract. A spe-
cific binding and transport system is present on the
plasma membrane of the human spermatozoon [40].
GABA also induces acrosome reaction in human sperm
[40-42]. Out of two classified GABA receptor subtypes
GABAA and GABAB,G A B A A receptor is a plasma
membrane multi-subunit receptor complex linked to the
chloride channel whose activation results in the opening
of the chloride channel. Progesterone and its metabolites
potentiate the effects of GABA on this receptor [43].
Picrotoxin - a GABAA receptor inhibitor, inhibits pro-
gesterone as well as recombinant human ZP3 fragment
(214-348 aa) mediated acrosome reaction [27,44,45].
Studies presented in this manuscript suggest that in
humans, ZP mediated induction of acrosome reaction is
also inhibited by inhibitor of GABAA receptor.
Heat solubilized human ZP mediated acrosome reac-
tion involves activation of Gi protein- coupled receptor
pathway which is in concordance with previous reports
[15-17,29]. Recent studies employing either recombinant
human zona proteins or immunoaffinity purified native
human zona proteins revealed that ZP3 mediated induc-
tion of acrosome reaction involves activation of Pertussis
toxin sensitive Gi protein-coupled receptor pathway
whereas ZP4 mediated induction of acrosome reaction
is not dependent on the activation of Gi protein-coupled
receptor pathway [3,6]. This may explain partial but sta-
tistically significant inhibition of acrosome reaction by
human SIZP in presence of Pertussis toxin (Table 2).
One major component of signal transduction cascade
downstream to Gi protein is adenylate cyclase that gen-
erates second messenger cAMP upon its activation.
cAMP in turn binds and activates protein kinase A in
addition to other kinases. In humans, pharmacological
inhibition of cAMP dependent PKA by KT5720 has
been shown to reduce SIZP induced acrosome reaction
[46]. Native purified human ZP4 but not ZP3, mediated
induction of acrosome reaction has been shown to be
inhibited in capacitated human sperm following pre-
treatment with H-89, pharmacological inhibitor of PKA
[6]. Our findings with human SIZP which contain all
four zona proteins showed a significant inhibition (p <
0.05) in induction of acrosome reaction in presence of
H89; thereby suggesting that human ZP mediated acro-
some reaction involves other zona proteins in addition
to ZP4.
Various other kinases are also involved in ZP
mediated acrosome reaction either through direct or
indirect activation of downstream effector molecules in
the signalling cascade. An important role of protein
kinase C in human ZP induced acrosome reaction has
been suggested employing human oocytes, where PKC
activator, Phorbol 12-myristate 13-acetate (PMA),
showed enhanced human ZP induced acrosome reaction
and PKC inhibitor, staurosporine, decreased extent of
acrosome reaction [47]. In humans, SIZP induced acro-
some reaction has also been shown to be inhibited by
PKC inhibitor, Calphostin [46]. Native purified human
ZP3 and ZP4 mediated acrosome reaction also showed
an inhibition in acrosome reaction following PKC inhi-
bitor, chelerythrine chloride pre-treatment [6]. Our find-
ings with solubilized zona also highlight the role of PKC
in zona induced acrosome reaction. The importance of
both PKA and PKC pathways is further emphasised dur-
ing fertilization by the observations of enhanced sperm-
ZP binding in presence of PKA (dbcAMP) and PKC
(PMA) activators [48].
Recent studies in murine system implicate important
role of PI 3-kinase in ZP induced acrosome reaction
[49]. Treatment of capacitated mouse sperm with ZP3
stimulates production of phosphatidylinositol-(3,4,5)-tri-
phosphate and which in turn activates protein kinases,
Akt (Protein kinase B) and PKCζ, which function as
downstream effectors of phosphoinositide signalling.
Capacitated mouse sperm pre-treated with two different
pharmacological inhibitors of PI 3-kinase, Wortmannin
or LY294002, before exposure to either a soluble extract
of zonae or with purified ZP3 resulted in 90% inhibition
in acrosome reaction [49]. In human sperm the rele-
vance of PI 3-kinase has been demonstrated in man-
nose-bovine serum albumin (mannose-BSA) mediated
acrosome reaction. Wortmannin was shown to inhibit
the mannose-BSA mediated acrosomal exocytosis but
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progesterone [31]. In this manuscript, for the first time,
we have shown the role of PI 3-kinase in human SIZP
mediated acrosome reaction. Selective inhibitor of PI 3-
kinase, Wortmannin, significantly inhibited the acroso-
mal exocytosis induced by human SIZP. Further for the
first time, we have shown that tyrosine kinase has an
important role in SIZP mediated induction of acrosome
reaction (Table 2).
In conclusion, an attempt has been made to delineate
various signalling components that are involved in
human ZP mediated acrosome reaction. Better under-
standing of the signalling pathways associated with ZP
mediated induction of acrosome reaction may help in
optimizing protocols aiming to increase in vitro fertiliza-
tion rate or development of novel contraceptives to
block fertilization.
Acknowledgements
The financial support to conduct these studies from National Institute of
Immunology, New Delhi; Department of Biotechnology, Government of
India and Indian Council of Medical Research, Government of India is
gratefully acknowledged. We thank Mr Rajit Ram for helping in the
collection of semen samples from healthy volunteers.
Author details
1Reproductive Cell Biology Laboratory, National Institute of Immunology,
Aruna Asaf Ali Marg, New Delhi-110 067, India.
2Assisted Reproduction
Technology Centre, Army Hospital Research & Referral, Delhi Cantonment,
Delhi-110 010, India.
Authors’ contributions
BB performed the experiments. PB helped with the experiments. PT helped
with oocyte collection from IVF patients. SKG designed the study and
finalized writing of the manuscript. All the authors have read and approved
the final manuscript.
Competing interests
The authors declare that they have no competing interests.
Received: 15 October 2009
Accepted: 23 January 2010 Published: 23 January 2010
References
1. Bleil JC, Wassarman PM: Sperm-egg interactions in the mouse: sequence
of events and induction of the acrosome reaction by a zona pellucida
glycoprotein. Dev Biol 1983, 95:317-324.
2. Beebe SJ, Leyton L, Burks D, Ishikawa M, Fuerst T, Dean J, Saling P:
Recombinant mouse ZP3 inhibits sperm binding and induces the
acrosome reaction. Dev Biol 1992, 151:48-54.
3. Chakravarty S, Suraj K, Gupta SK: Baculovirus-expressed recombinant
human zona pellucida glycoprotein-B induces acrosomal exocytosis in
capacitated spermatozoa in addition to zona pellucida glycoprotein-C.
Mol Hum Reprod 2005, 11:365-372.
4. Chakravarty S, Kadunganattil S, Bansal P, Sharma RK, Gupta SK: Relevance
of glycosylation of human zona pellucida glycoproteins for their binding
to capacitated human spermatozoa and subsequent induction of
acrosomal exocytosis. Mol Reprod Dev 2008, 75:75-88.
5. Caballero-Campo P, Chirinos M, Fan XJ, González-González ME, Galicia-
Chavarría M, Larrea F, Gerton GL: Biological effects of recombinant human
zona pellucida proteins on sperm function. Biol Reprod 2006, 74:760-768.
6. Chiu PC, Wong BS, Chung MK, Lam KK, Pang RT, Lee KF, Sumitro SB,
Gupta SK, Yeung WS: Effects of native human zona pellucida
glycoproteins 3 and 4 on acrosome reaction and zona pellucida binding
of human spermatozoa. Biol Reprod 2008, 79:869-877.
7. Baibakov B, Gauthier L, Talbot P, Rankin TL, Dean J: Sperm binding to the
zona pellucida is not sufficient to induce acrosome exocytosis.
Development 2007, 134:933-943.
8. Baldi E, Luconi M, Bonaccorsi L, Forti G: Signal transduction pathways in
human spermatozoa. J Reprod Immunol 2002, 53:121-131.
9. Breitbart H: Intracellular calcium regulation in sperm capacitation and
acrosomal reaction. Mol Cell Endocrinol 2002, 187:139-144.
10. Doherty CM, Tarchala SM, Radwanska E, De Jonge CJ: Characterization of
two second messenger pathways and their interactions in eliciting the
human sperm acrosome reaction. J Androl 1995, 16:36-46.
11. Rockwell PL, Storey BT: Kinetics of onset of mouse sperm acrosome
reaction induced by solubilized zona pellucida: fluorimetric
determination of loss of pH gradient between acrosomal lumen and
medium monitored by dapoxyl (2-aminoethyl) sulfonamide and of
intracellular Ca
2+ changes monitored by fluo-3. Mol Reprod Dev 2000,
55:335-349.
12. Bailey JL, Storey BT: Calcium influx into mouse spermatozoa activated by
solubilized mouse zona pellucida, monitored with the calcium
fluorescent indicator, fluo-3. Inhibition of the influx by three inhibitors
of the zona pellucida induced acrosome reaction: tyrphostin A48,
pertussis toxin, and 3-quinuclidinyl benzilate. Mol Reprod Dev 1994,
39:297-308.
13. Arnoult C, Cardullo RA, Lemos JR, Florman HM: Activation of mouse sperm
T-type Ca
2+ channels by adhesion to the egg zona pellucida. Proc Nat
Acad Sci USA 1996, 93:13004-13009.
14. Cross NL, Morales P, Overstreet JW, Hanson FW: Induction of acrosome
reactions by the human zona pellucida. Biol Reprod 1988, 38:235-244.
15. Lee MA, Check JH, Kopf GS: A guanine nucleotide-binding regulatory
protein in human sperm mediates acrosomal exocytosis induced by the
human zona pellucida. Mol Reprod Dev 1992, 31:78-86.
16. Franken DR, Morales PJ, Habenicht UF: Inhibition of G protein in human
sperm and its influence on acrosome reaction and zona pellucida
binding. Fertil Steril 1996, 66:1009-1011.
17. Bastiaan H, Franken D, Wranz P: G-protein regulation of the solubilized
human zona pellucida-mediated acrosome reaction and zona pellucida
binding. J Assist Reprod Genet 1999, 16:332-336.
18. World Health Organization WHO Laboratory Manual for the Examination of
Human Semen and Sperm-Cervical Mucus Interaction Cambridge, Cambridge
University Press, 3 1992.
19. Suarez SS, Wolf DP, Meizel S: Induction of the acrosome reaction in
human spermatozoa by a fraction of human follicular fluid. Gamete Res
1986, 14:107-121.
20. Biggers JD, Whitten WK, Whittingham DG: The culture of mouse embryos
in vitro. Methods in Mammalian Embryology San Francisco, WH Freeman
and CoDaniel JC Jr 1971, 86-116.
21. Björndahl L, Söderlund I, Kvist U: Evaluation of the one-step eosin-nigrosin
staining technique for human sperm vitality assessment. Hum Reprod
2003, 18:813-816.
22. Grynkiewicz G, Poenie M, Tsien RY: A new generation of Ca
2+ indicators
with greatly improved fluorescent properties. J Biol Chem 1985,
260:3440-3450.
23. Manuel AG, Meizel S: Progesterone-mediated calcium influx and
acrosome reaction of human spermatozoa: pharmacological
investigation of T-type calcium channels. Biol Reprod 1999, 60:102-109.
24. Son WY, Lee JH, Lee JH, Han CT: Acrosome reaction of human
spermatozoa is mainly mediated by a1H T-type calcium channels. Mol
Hum Reprod 2000, 6:893-897.
25. Kirkman-Brown JC, Barratt CLR, Publicover SJ: Nifedipine reveals the
existence of two discrete components of the progesterone-induced [Ca
2
+]i transient in human spermatozoa. Dev Biol 2003, 259:71-82.
26. Patrat C, Auer J, Fauque P, Leandri RL, Jouannet P, Serres C: Zona pellucida
from fertilised human oocytes induces a voltage-dependent calcium
influx and the acrosome reaction in spermatozoa, but cannot be
penetrated by sperm. BMC Dev Biol 2006, 6:59.
27. Calogero AE, Burrello N, Ferrara E, Hall J, Fishel S, D’Agata R: Gamma-
aminobutyric acid (GABA) A and B receptors mediate the stimulatory
effects of GABA on the human sperm acrosome reaction: interaction
with progesterone. Fertil Steril 1999, 71:930-936.
Bhandari et al. Reproductive Biology and Endocrinology 2010, 8:7
http://www.rbej.com/content/8/1/7
Page 8 of 928. Murase T, Roldan ER: Progesterone and the zona pellucida activate
different transducing pathways in the sequence of events leading to
diacylglycerol generation during mouse sperm acrosomal exocytosis.
Biochem J 1996, 320:1017-1023.
29. Schuffner AA, Bastiaan HS, Duran HE, Lin ZY, Morshedi M, Franken DR,
Oehninger S: Zona pellucida-induced acrosome reaction in human
sperm: dependency on activation of pertussis toxin-sensitive Gi protein
and extracellular calcium, and priming effect of progesterone and
follicular fluid. Mol Hum Reprod 2002, 8:722-727.
30. Liguori L, de Lamirande E, Minelli A, Gagnon C: Various protein kinases
regulate human sperm acrosome reaction and the associated
phosphorylation of Tyr residues and of the Thr-Glu-Tyr motif. Mol Hum
Reprod 2005, 11:211-221.
31. Fisher HM, Brewis IA, Barratt CL, Cooke ID, Moore HD: Phosphoinositide 3-
kinase is involved in the induction of the human sperm acrosome
reaction downstream of tyrosine phosphorylation. Mol Hum Reprod 1998,
4:849-855.
32. Publicover S, Harper CV, Barratt CL: [Ca
2+]i signalling in sperm: making the
most of what you’ve got. Nat Cell Biol 2007, 9:235-242.
33. Maxchelator Programme. http://maxchelator.stanford.edu.
34. Yanagimachi R: The Physiology of Reproduction Raven Press, New YorkKnobil
E, Neill JD 1994, 189-317.
35. Meizel S: Molecules that initiate or help stimulate the acrosome reaction
by their interaction with the mammalian sperm surface. Am J Anat 1985,
174:285-302.
36. Roldan ER, Murase T, Shi QX: Exocytosis in spermatozoa in response to
progesterone and zona pellucida. Science 1994, 266:1578-1581.
37. Wassarman PM, Litscher ES: Mammalian fertilization: the egg’s
multifunctional zona pellucida. Int J Dev Biol 2008, 52:665-676.
38. Litscher ES, Williams Z, Wassarman PM: Zona pellucida glycoprotein ZP3
and fertilization in mammals. Mol Reprod Dev 2009, 76:933-941.
39. Franken DR, Bastiaan HS, Oehninger SC: Physiological induction of the
acrosome reaction in human sperm: validation of a microassay using
minimal volumes of solubilized, homologous zona pellucida. J Assist
Reprod Genet 2000, 17:374-378.
40. Aanesen A, Fried G, Andersson E, Gottlieb C: Evidence for g-aminobutyric
acid specific binding sites on human spermatozoa. Hum Reprod 1995,
10:1885-1890.
41. Wistrom CA, Meizel S: Evidence suggesting involvement of a unique
human sperm steroid receptor/Cl
- channel complex in the
progesterone-initiated acrosome reaction. Dev Biol 1993, 159:679-690.
42. Shi QX, Yuan YY, Roldan ER: Gamma-aminobutyric acid (GABA) induces
the acrosome reaction in human spermatozoa. Mol Hum Reprod 1997,
3:677-683.
43. Lan NC, Bolger MB, Gee K: Identification and characterization of a
pregnane steroid recognition site that is functionally coupled to an
expressed GABAA receptor. Neurochem Res 1991, 16:347-356.
44. Turner KO, Meizel S: Progesterone-mediated efflux of cytosolic chloride
during the human sperm acrosome reaction. Biochem Biophys Res
Commun 1995, 213:774-780.
45. Bansal P, Chakrabarti K, Gupta SK: Functional activity of human ZP3
primary sperm receptor resides toward its C-terminus. Biol Reprod 2009,
8:7-15.
46. Bielfeld P, Faridi A, Zaneveld LJ, De Jonge CJ: The zona pellucida-induced
acrosome reaction of human spermatozoa is mediated by protein
kinases. Fertil Steril 1994, 61:536-541.
47. Liu DY, Baker HW: Protein kinase C plays an important role in the human
zona pellucida-induced acrosome reaction. Mol Hum Reprod 1997,
3:1037-1043.
48. Liu DY, Liu ML, Baker HW: Enhancement of sperm-zona pellucida (ZP)
binding capacity by activation of protein kinase A and C pathways in
certain infertile men with defective sperm-ZP binding. Hum Reprod 2009,
24:20-27.
49. Jungnickel MA, Sutton KA, Wang Y, Florman HM: Phosphoinositide-
dependent pathways in mouse sperm are regulated by egg ZP3 and
drive the acrosome reaction. Dev Biol 2007, 304:116-126.
doi:10.1186/1477-7827-8-7
Cite this article as: Bhandari et al.: Delineation of downstream signalling
components during acrosome reaction mediated by heat solubilized
human zona pellucida. Reproductive Biology and Endocrinology 2010 8:7.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Bhandari et al. Reproductive Biology and Endocrinology 2010, 8:7
http://www.rbej.com/content/8/1/7
Page 9 of 9